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The Lawrence Berkeley Laboratory (LBL) has been building large superconducting solenoid magnets for high energy physics applications for some years. These magnets have required a minimum amount of material between the inside and outside surfaces of the solenoid. In this application, conventional cryostable 1 magnets are not appropriate. The approach developed at LBL uses high current density superconducting coils which are closely coupled inductively to one or more secondary circuits. 2 -4 Using superconductors at high current densities (j ~ 2 x 10 8 Am- 2 ) requires an understanding of the quench process. When a secondary circuit is involved, an integral part of the quench process is quench back between the secondary circuit and the superconducting coi1. 5 Quench back is defined as the process by which a secondary circuit drives the superconducting coil (the primary circuit) normal faster than quench propagation would permit. Quench back becomes a key element to being able to safely quench large high current density superconducting solenoids which have no external quench protection system.
The quench process in a one-dimensional superconductor (with no transverse heat transfer) can be characterized by the one-dimensional equation 6 : C aT J. 2 IT= P where C is the + !x k(:~) (1) specific heat per unit volume (Jm-3 K-1 ); Tis temperature (K); t is time (s); p is the electrical resistivity of the wire (ohm-m); j is the current density (Am-2 ); xis the dimension along the wire (m); and k is the thermal conductivity of the wire (Wm-1 K-1 ).
C, p, and k are nonlinear functions of temperature. Equation (1} can .. ' "' be rearranged into the form ~ = j 2 + l !._ (ap !E.) a 1. p ax ax where F is defined as
and a the thermal diffusivity is
(3a} When a is neglected, (2) takes the following approximate form:
Equation (4) is the so-called 11 burnout 11 equation, which is (4) conunonly used in the electronics industry. This equation was applied to superconductors by Maddock and James..? When (4) is integrated at the superconductor hot spot (the point of origin of the quench), it takes the following form:
where TM is the superconductor hot spot temperature (K), and r is ratio of matrix material volume to superconductor volume. C and p are applied to the superconductor matrix material; j 0 is the current density in the superconductor at the start of the quench; and 5 (t) = i(t)/i 0 where i(t) is the coil current during the quench and i 0 is the starting current in the coil.
For a superconducting magnet to quench safely, TM must be 400 K or less. For a typical copper-based high current density superconductor, this means that F(TM) must be 1.7 x 10 17 A 2 m-4 s or less.
(In this case, j and j 0 are defined as the current density in the superconductor plus matrix material.} Figure 1 shows F(TM) as a function of TM for coppers and aluminums of various residual resistance ratios (RRR). Peak hot spot temperature TM as a function of F(TM) for various coppers and aluminums -.
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As a review, quench protection of large superconducting magnets without well coupled shorted secondary circuits is presented. 7 ' 9 In general, cryostable magnets where it is not desirable to dump the ~ magnet energy into the helium bath would not use a shorted secondary circuit. On the other hand, the use of a shorted secondary circuit permits one to operate larger superconducting magnets above the cryastable current density limit (J > 10 8 Am-2 ). The price one pays for this circuit is that most of the stored magnetic energy will be dumped into the coil and the secondary circuit where it must be removed by the helium refrigeration. The shorted secondary circuit can enhance quench protection, by permitting certain novel quench protection schemes to be used, even when quench back is not induced. 4 ' 9 The conditions for fail safe quench are presented. The use of quench back to promote safe quenching without an external quench protection system is discussed.
Safe quenching of magnets without a secondary circuit
It is possible to design a magnet and an accompanying quench protection circuit that is safe against burnout. The most pessimistic assumption one can make is to assume that the superconducting coil has zero resistance {the hot spot occurs in an infinitely small piece of conductor). Thus, the coil energy must be removed by the quench pro- In order to make substantial changes in the E 0 j~ limit given in to two-thirds of the value that would be obtained using a constant resistance Rex = R 0
• This is not an impressive gain. It should be pointed out that varistor res i stars are not good. at abasorbi ng and dissipating a lot of thermal energy, and they are expensiver Safe quenching of magnets with a secondary circuit but no quench back A closely, inductively coupled low resistance secondary circuit permits one to increase the superconductor current density j 0 for a given stored magnetic energy E 0
• The E 0 j~ limit is no longer a function of quench protection parameters when a secondary circuit is used. (The E 0 j~ limit is a function of such things as maximum allowable strain in the superconductor). 8
The well-coupled low resistance secondary circuit will affect the quench process in the following ways:
(1) The secondary circuit behaves as a shorted secondary, which causes a shift in current away from the coil to itself.
(2) The secondary circuit will absorb a substantial amount of the magnet stored energy during the quench process. ,.
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(5) The secondary circuit causes portions of the coil that otherwise would not do so to go normal by ordinary quench
propagation. This phenomenon is called "quench back."
The secondary circuit must be closely coupled, which means that 
e .\-Ts. (13) where, when € is small,
When Tl and T 2 are constant, the value of F(TM) takes the following approximate form (no quench back is assumed):
A comparison of (7) and (15) shows that a low-resistance, wellcoupled shorted secondary circuit will reduce F(TM) and the hot spot temperature considerably. Maddox and James 7 pointed out that if the secondary and primary ci~cuj_ts_are_mad_e __ from __ t_he~~am~ _lllateri_al, th~ secondary circuit should be combined with the primary circuit (the secondary circuit material becomes part of the primary circuit stabilized material) to yield a somewhat lower value of TM (when quench back is not present). If one makes the primary circuit from a copper-based superconductor and the secondary circuit from aluminum, the hot spot temperature TM will be lower for a given superconductor plus secondary circuit ma~s when a well coupled secondary circuit is used. (Note: when the aluminum is combined with the primary circuit material, F(TM) will be lower for a given value of TM, which is undesirable.) The use of an aluminum secondary circuit permits one to reduce the over all magnet mass for a given hot spot temperature TM even when quench back does not occur. The quench back time required for fail-safe quenching, tQBR' is a function of the maximum allowable hot spot temperature TM, the normal metal to superconductor volume ratio r, the starting current density j 0 over the whole superconductor plus matrix, and the temperature, T 51 , that the superconductor would achieve if the entire coil were to turn normal instantaneously.
14 Using adiabatic theory, one can rewrite (5} so that 11 TM tQBR
Ts1 o where F(T) is defined by (3a} and p, C, and ~(t) are previously defined.
The only assumption which may be applied to (16) is that 
The temperature TM can be arbitrarily set, but r 51 is a function of the material contained in the superconducting coil and in all of the coupled secondary circuits.
Using a more complete theory for quench evolution, 11 r 51 can be found by solving the following integral equation for T 51 : 
where L 1 is the superconducting coil self inductance; i 0 is the start- Once r 51 has been determined, the value of F(r 51 ) can be determined from Fig. 3 for v~ious copper matrix superconductors. The value of F(T 5 ) versus t~e temperature r 5 for coppers of various residual resistance ratios (RRR) and for aluminum (RRR = 25) The current in the secondary circuit for a well-coupled system (£ and Ts are small) can be approximated by N 1 . Using (21), one can redefine {20) to the following form: {2) The energy dissipated in the coil and its secondary circuit is small compared to the total magnetic energy in the coil before quench back.
{3) The coupling between the coil circuit and the secondary circuit is good (tQ > Ts). Before using (24), one should make sure tH is less than tQBR"
One should also checkTs. If Rex is small (which meansT 1 is 1 arge compared to T2)' T = £ T2. One must check to see that the s basic assumptions behind (24) are met before applying the equation.
If they are not, one must use (23), substituting (T 1 +T 2 )/T 2 for
T1fT2" The fu 11 form for T must also be used. Equations (14a), s (14d), and the modified form of (23) can be solved iteratively to yield a minimum value for Rex· Table 2 presents the parameters of a magnet similar to the Time Projection Chamber (TPC) magnet built by LBL. 12 It is assumed that If a superconducting magnet turns completely normal fast enough (in a time less than tQBR), no external quench protection system is needed. If the growth of resistance can be controlled and if the current Table 3 . Resistance of an external quench protection resistor and its peak voltage for safe quenching of a magnet with parameters given in Table 2 .
Quench Protection System
Magnet coil without a secondary circuit and with a normal resistor (Eq. (8) If the normal region propagation-within the coil is twodimensional, the expression for tQ is:
where F 2 is determined by (20) and (20a) and Table 4 . For thin superconducting coils with round conductors, the ratio of turn-to-turn to longitudinal normal region propagation velocity a takes the same form as (28b) except that a is defined as the diameter of the round conductor.
The resistance function R 02 , which has the units of gm~2 , takes the following form for a thin solenoid magnet:
where N 1 , p 1 , and r are previously defined; £ 1 is the length of If the normal region propagation within the coil is onedimensional, the approximate solutions for tq are:
{29} when t* = tl (one-dimensional propagation is from turn to turn, as would be the case in a long solenoid), where t* is the shorter of two times tl or t2, which are defined as follows:
and
where a 1 is the radius of the solenoid; £ 1 , a, and VL have been previously defined.
The resistance function R 01 , which has the units nm-1 , is defined for the case where t* = tl as follows:
where a 1 , 1 1 , N 1 , o 1 , Acl' and r have been defined previously. A quench started at the center of the coil will have double the value given by (29a}.
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The second form of one-dimensional propagation occurs when t* = t2
(one-dimensional propagation along the wire, in a short solenoid); t 0 has the following approximation for this case:
whe_re R 01 takes the form:
where N 1 , o 1 , r and Acl are previously defined.
Equations ( 27), ( 29), and ( 31) can be used to define t 0 for a thin solenoid, b~t a better understanding of the quench process requires further modification of these equations. If one assumes that a thin solenoid is well coupled to its shorted secondary circuit (E is small), L 1 , L 2 , and R 2 are defined as follows: is the magnetic permeability of vacuum (~0 = 4w x 10-7 Hm-1 ).
Since the coupling between the primary and secondary circuit is good, a 1 = a 2 and t 1 = t 2 • Therefore, the geometric factors g 1 and g 2 are to first order, equal to one another. Thus (30a) and (32b} can be used for L 1 and L 2 in the general case with no iron.
* *
The value of F 2 is given by (20) and (20a). F 2 is a function of nothing but AH 2 and p 2 • The turn-to-turn to lungitudinal quench velocity ratio a is defined by (28a) and (28b}, and R 02 and R 01 by (27a), (29a) and (3la). When one makes the appropriate substitutions into (27), (29), and (31), one gets the following forms:
(33} for a two-dimensional quench in a thin solenoid from (27);
. . The parameter with the largest effect on quench back time t 08 is p 1 , the resistivity of the superconductor matrix material. The theory for calculating quench back time tQB and the required quench back time for fail-safe q~enching tQBR has a number of assumptions, and there is not much experimental data on the effects of changes in parameters such as ~H 2
• p 2 , and p 1 • The theory appears to be conservative when compared with experimental data taken at LBL.
For example, the A and B solenoid experimental data described in Ref.
5 showed that one can predict the quench back time tQB" One can also predict tQBR and compare it with measured tQB data.· 
